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Potato late blight caused by the oomycete Phytophthora infestans is a devastating disease of potato
worldwide. Most of the potato cultivars grown in conventional agriculture are susceptible, or at best
moderately resistant, and require frequent applications of fungicides to avoid heavy yield losses.
In ﬁeld trials spanning four years, we have investigated the effect of potassium phosphite, an inorganic
salt on potato late blight. Potassium phosphite is known to induce defence responses in potato and to
also have direct toxic effects on oomycetes, which in turn counteract late blight and tuber blight
development. However, the use of this salt is not yet implemented and approved in European potato
cultivation. We compared the effect of phosphite alone with fungicides currently used in Swedish potato
cultivation. We also investigated the combined use of potassium phosphite and reduced doses of fun-
gicides. Table potato cultivars and starch potato cultivars with different levels of resistance were used.
We found that potassium phosphite in combination with reduced doses of fungicides results in the
same level of protection as treatments with the recommended full dose of fungicides. These combined
treatments reduce the need of traditional fungicides and may also decrease the selection pressure for
fungicide resistance development in the pathogen. In relatively resistant starch potato cultivars using
phosphite alone gave sufﬁcient protection against late blight. Furthermore, in starch potato a combi-
nation of phosphite and fungicides at two-week intervals provided similar protection to weekly appli-
cations of fungicide at the recommended dose. Foliar treatment with phosphite also gave protection
against tuber blight at similar levels to that of the best-performing fungicide. Our data suggests that
potassium phosphite could be used in potato cultivation in temperate regions such as in Sweden, at least
in combinations with reduced rates of fungicides. The implementation of the use of phosphite in prac-
tical potato crop protection as part of an IPM strategy is discussed. Doses, intervals and combinations
could be adjusted to the level of cultivar resistance.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Late blight, caused by the oomycete Phytophthora infestans, re-
mains themost important plant protection problem in potato in the
majority of the growing areas in the world. Since most cultivars
grown are susceptible or at best moderately resistant, frequent
fungicide treatments are necessary to protect the crop. However,).
Ltd. This is an open access article udespite the frequent sprayings with fungicides late blight still
causes large economic losses (Haverkort et al., 2009). With classical
breeding, which is time consuming, it has been difﬁcult to obtain
durable resistance since the pathogen can adapt rapidly, over-
coming introduced resistance genes. Stacking of resistance genes
maybe a solution in the future, but so far cultivars containing such
genes alongside all the other desirable agricultural traits are not yet
available (Eriksson et al., 2016).
For environmental reasons and to meet long term consumer
demands there is a need to develop alternative methods of late
blight control that can be combined with fungicide treatments andnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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control of late blight. Induced resistance, i.e. exogenous application
of non-toxic compounds or microorganisms that stimulate plant
defence, is a control method that on its own may not be efﬁcient
enough for control of such a devastating disease as late blight but
may play a role if combined with other methods such as fungicide
treatment. The resistance inducer BABA (b-amino butyric acid) has
for example been shown to improve defence against Phytophthora
infestans in potato, in laboratory experiments, in the greenhouse,
and under ﬁeld conditions (Baider and Cohen, 2003; Bengtsson
et al., 2014; Eschen-Lippold et al., 2010; Liljeroth et al., 2010).
However, the efﬁcacy under ﬁeld conditions is not sufﬁcient even if
BABA may be possible to apply in combination with fungicides
(Liljeroth et al., 2010). Many other inducers of immune responses
have been shown to reduce potato late blight such as biosurfactants
and plant extracts, e.g. sugar beet extract (Bengtsson et al., 2015;
Moushib et al., 2013).
Phosphite salts, e.g. potassium phosphite, may be more prom-
ising due to their combined effects. As well as inducing defence
reactions in the plant they also have a direct inhibiting effect on
growth and sporulation of oomycetes (Fenn and Coffey, 1989; Grant
et al., 1990; Smillie et al., 1989). However, the precise mode of ac-
tion is still unclear. In some developing countries phosphite salts
have been promoted and are used against late blight since they
pose lower risks for human health and the environment compared
to conventional fungicides (Kromann et al., 2012). An analysis of
ﬁeld data from several tropical countries revealed that phosphites
provide control efﬁcacy comparable to conventional contact fun-
gicides, such as mancozeb and chlorothalonil. Furthermore, the
control appeared to be relatively stable across locations (Kromann
et al., 2012).
Several recent laboratory studies show that application of
phosphite compounds improves plant defence (Burra et al., 2014;
Eshraghi et al., 2011; Lim et al., 2013; Massoud et al., 2012). A
proteomics study by Lim et al. (2013) reported that phosphite
triggers complex functional changes in potato leaves, which may
explain induced resistance against P. infestans. Among up-regulated
proteins the majority were defence related and associated with the
SA-dependent pathway, antimicrobial activity, the ROS pathway,
the Ca2þ dependent pathway and the hypersensitivity reaction
(HR). Since expression trends of the differentially expressed genes
after phosphite treatment were rather similar to P. infestans infec-
ted plants at 4 days post-inoculation, it may be that pre-activation
of genes by phosphite induces faster defence responses or that
rather few genes are highly relevant for induced disease resistance.
We previously analyzed transcriptomic and proteomic changes
following response of phosphite treatment prior to pathogen
infection (Burra et al., 2014). Multiple defence pathways were
rapidly induced by phosphite treatment. The results indicated that
phosphite inﬂuences primary metabolism and cell wall associated
processes.
Besides the ﬁeld studies of phosphites against late blight in
tropical agriculture (Kromann et al., 2012) there are only a few
reports of the ﬁeld efﬁcacy of phosphites against late blight in other
parts of the world. The effect on foliar late blight was demonstrated
by Cooke and Little (2002) but this study did not directly compare
phosphite efﬁcacy with the efﬁcacy of traditional fungicides.
Mayton et al. (2008) reported that potassium phosphite protected
against both foliar late blight and tuber blight at least as well as the
fungicide chlorothalonil. Wang-Pruski et al. (2010) also reported a
signiﬁcant protecting effect of phosphite, which was enhanced
when it was used in combination with chlorothalonil. No other
comparisons with modern fungicides have been reported in sci-
entiﬁc literature. To evaluate if the use of modern fungicides in
different potato growing regions could be reduced by combined useof potassium phosphite/fungicide treatments, ﬁeld trials of such
strategies are needed.
In this study we have investigated the effect of potassium
phosphite and modern fungicides on late blight development in
full-scale ﬁeld trials spanning 4 years in Sweden. Food potato and
starch potato cultivars with different levels of partial resistance
were investigated and phosphite was applied either alone or in
combination with commonly used fungicides. Our data strongly
suggests that using phosphite in combination with reduced doses
of fungicides gives good protection against potato late blight. The
possible integration of phosphite into practical potato crop pro-
tection strategies and potential drawbacks are discussed.
2. Materials and methods
2.1. Field experiments
All ﬁeld trials were carried out by the ‘Swedish Rural Economy
and Agricultural Societies’ in Mosslunda south of Kristianstad,
Sweden. In each year a different ﬁeld was used, situated no more
than 2 km from other ﬁelds. The ﬁeld trials were performed ac-
cording to Good Experimental Practice (GEP) consistent with EU
directive 93/71, KIFS 2004:4, STAFS 2001:1 and Standard Operative
Procedures, SLU 2004.
2.1.1. Experimental design
At each place the trials were performed with a randomized
block design containing four blocks. Each plot was 5 rows of 10 m
length, from which the middle 3 rows were harvested. Between
block 1 and 2 and between block 3 and 4, three rows of untreated
plants were grown, serving as infector plants. No P. infestans in-
oculations were carried out.
In the ﬁrst three years (2011e2013) both table potato cultivars
and starch potato cultivars with different levels of resistance were
used. In 2014 two table potato cultivars were used. The susceptible
cultivar Bintje was used throughout all years and was compared
with different partially resistant food potato cultivars. The starch
potato cultivars Seresta and Merano were used between 2011 and
2013.
The treatments against late blight were applied once a week,
starting at the end of June when the canopy covered the rows and
continuing until crop maturation. This resulted in a total of 11e13
application times (T1-T13). Occasionally, a single day deviation
from this scheme happened due to unfavourable weather condi-
tions for spraying. Fungicides (Shirlan, a.i. ﬂuazinam; Ranman Top,
a.i. cyazofamid; Revus, a.i. mandipropamid; Epok, a.i. metalaxyl-
M þ ﬂuazinam; Inﬁnito a.i. ﬂuopicolide þ propamocarb), b-amino-
butyric acid (BABA; Sigma, Stockholm, Sweden) and Proalexin (LMI
AB Sweden, Helsingborg, Sweden; a.i. potassium phosphite) were
applied at different doses and in different combinations as
described below.
2.1.2. Experiments 2011
Two experiments were carried out with two table potato culti-
vars (Bintje and Ovatio) in the ﬁrst experiment and two starch
potato cultivars (Merano and Seresta) in the second one. Besides
the untreated control different treatments were applied. Shirlan at
standard recommended dosewas comparedwith reduced dose and
combinations with BABA and Proalexin according to Table 1.
2.1.3. Experiments 2012
Four experiments with similar treatments were carried out. In
two of the experiments table potato (cvs. Bintje and Ovatio) and in
the other two experiments starch potato (cvs. Seresta and Merano)
were used (Table 2). A fungicide strategy commonly used by
Table 1
Late blight, tuber blight and yield in potato ﬁeld trials 2011 treated with BABA, potassium phosphite, fungicide or a combination of Potassium phosphite and fungicide. Two
table potato cultivars (Bintje and Ovatio) and two starch potato cultivars (Merano and Seresta) were used.
Table potato cultivars Starch potato cultivars
Onset of infection
(DAP)1
rAUDPC2 Tuberrot
(percent w/w)
Yield
(ton/ha)
Rotfree yield
(ton/ha)
Onset of infection
(DAP)1
rAUDPC2 Tuberrot
(percent w/w)
Yield
(ton/ha)
Rotfree yield
(ton/ha)
Treatment Bintje Merano
Untreated control 55 0.738a3 0.00 25.3c 25.3c 68 0.157a3 24.3a 31.5bc 23.5c
Shirlan 0.4 L/ha 61 0.573bc 0.66 37.4ab 37.2ab 74 0.049bcd 16.3ab 36.6abc 30.4bc
Shirlan 0.2 L/ha 59 0.591bc 0.77 35.3ab 35.1ab 73 0.068bc 26.5a 40.7a 30.2bc
BABA 0.2 kg/ha 56 0.710a 0.00 26.2c 26.2c 70 0.149a 13.7ab 28.6c 24.7c
Proalexin (Phosphite)
5 L/ha
57 0.611b 0.54 31.1bc 31.0bc 72 0.036cd 1.9b 41.3a 40.5a
Proalexin þ Shirlan
2.5 þ 0.2 L/ha
61 0.521c 0.23 39.9a 39.8a 76 0.019d 6.0ab 37.8ab 35.5ab
Mean coefﬁcient of
variation (%):
5.8 9.2 9.4 24.4 82.1 10.4 9.8
Ovatio Seresta
Untreated control 57 0.613a 0.00 35.1c 35.1c 61 0.460a 0.0 28.9c 28.9b
Shirlan 0.4 L/ha 61 0.412cd 0.00 47.2a 47.2a 65 0.194d 0.4 39.8a 39.6a
Shirlan 0.2 L/ha 57 0.483bc 0.00 44.5ab 44.5ab 62 0.274c 0.0 35.9a 35.9a
BABA 0.2 kg/ha 57 0.579a 0.00 36.1bc 36.1bc 61 0.437a 0.0 29.2bc 29.2b
Proalexin (Phosphite)
5 L/ha
59 0.391d 0.00 48.6a 48.6a 63 0.317bc 0.0 35.0ab 35.0ab
Proalexin þ Shirlan
2.5 þ 0.2 L/ha
61 0.338d 0.00 48.5a 48.5a 71 0.117e 1.1 40.0a 39.6a
Mean coefﬁcient of
variation (%):
8.1 9.3 9.3 8.0 7.5 7.8
Mean Mean
Untreated control 0.676a 30.2b 30.2b 0.309a 30.1b 26.2d
Shirlan 0.4 L/ha 0.493b 42.3a 42.2a 0.122d 38.2a 35.0ab
Shirlan 0.2 L/ha 0.536b 39.9a 39.8a 0.171c 38.3a 33.0ab
BABA 0.2 L/ha 0.645a 31.1b 31.1b 0.293a 28.9b 27.0cd
Proalexin (Phosphite)
5 L/ha
0.501b 39.9a 39.8a 0.176c 38.1a 37.8a
Proalexin þ Shirlan
2.5 þ 0.2 L/ha
0.430c 44.2a 44.2a 0.068e 38.9a 37.6a
Mean coefﬁcient of
variation (%):
6.7 9.2 9.3 11.1 9.3 9.9
1 DAP ¼ days after planting.
2 rAUDPC ¼ relative area under disease progress curve.
3 Different letters after the mean value indicate signiﬁnat difference according to Tukey's test (p < 0.05). For vertical comparisons within cultivar only.
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and Epok, was compared with Ranman Top at different doses,
Proalexin at different doses and various combinations of Ranman
Top and Proalexin. In addition, (similar to 2011), Shirlan at the
recommended dose was compared with half dose Shirlan in com-
bination with half dose Proalexin.2.1.4. Experiments 2013
Four experiments with similar treatments were carried out us-
ing table potato (cvs. Bintje and Sava) and starch potato (cvs. Ser-
esta and Merano) (Table 3). The ﬁeld was treated once a week with
Ranman Top at different doses, Proalexin at different doses and
various combinations of Ranman Top and Proalexin.2.1.5. Experiments 2014
Two experiments with similar treatments were carried out us-
ing two table potato cultivars (Bintje and Perlo) (Table 4). However,
the second trial was initially planted with cv. Sava but due to
inadequate seed quality they never emerged and the trial was
replanted with cv. Perlo in the middle of June, which is unusually
late. This year the Proalexin treatments were compared with a
commonly used fungicide strategy where Revus 250 SC (Treatment
No 1, 3, 7, 8, 9), Ranman Top (Treatment No. 2, 10, 11,12) and Inﬁnito
(Treatment No. 4, 5, 6) were alternated. The trials were treated withthis fungicide strategy at different doses, Proalexin at different
doses and various combinations of fungicides and Proalexin. In
addition, we used two strategies (Strategy 1 and 2) where Proalexin
was applied at higher doses in the beginning of the season and then
was gradually replaced with fungicide (see Table 2 for further
explanation). The hypothesis was that phosphite would have a
relatively better effect on younger plants and that fungicides would
be more effective on older, senescing plants.2.2. Analyses
2.2.1. Field assessment of late blight
Late blight (percentage infection) was scored according to an
assessment key by Syren and Wiik (1993), which is a modiﬁcation
of the EPPO (European and Mediterranean Plant Protection Orga-
nization) scale (OEPP/EPPO, 2004) comprising more exact assess-
ments in the beginning of the epidemics. Visual inspections were
done from the day of the ﬁrst sign of infection until the maturation
of the crop with intervals of 5e7 days. The relative area under the
disease progress curve (rAUDPC) was calculated for each plot with
the following standard formula:
Table 2
Late blight, tuber blight and yield in potato ﬁeld trials 2012 treated with potassium phosphite, fungicide or combinations of potassium phosphite and fungicide. Two table
potato cultivars (Bintje and Ovatio) and two starch potato cultivars (Merano and Seresta) were used.
Table potato cultivars Starch potato cultivars
Onset of
infection
(DAP)1
rAUDPC2 Tuberrot
(percent w/
w)
Yield
(ton/ha)
Rotfree
yield (ton/
ha)
Onset of
infection
(DAP)1
rAUDPC2 Tuberrot
(percent w/
w)
Yield
(ton/
ha)
Rotfree
yield (ton/
ha)
Starch
content
(percent)
Starch
yield (ton/
ha)
Treatment Bintje Merano
Untreated Control 73 0.538a3 0.75 47.0d 46.6c 95 0.128a3 15.44a 39.6a 27.4b 22.7a 6.26a
Control Fungicide strategi 88 0.212e 0.00 59.3ab 59.3a 106 0.081bc 2.39bc 42.3a 41.3ab 23.0a 9.49a
Ranman Top 0.5 L/ha 88 0.214e 0.00 60.3a 60.3a 100 0.084bc 0.16c 39.9a 39.8ab 23.0a 9.15a
Ranman Top 0.25 L/ha 88 0.238e 0.00 58.9ab 58.9ab 105 0.079bc 0.35c 41.0a 40.9ab 23.5a 9.62a
Proalexin (Phosphite) 5 L/ha 77 0.404bc 0.00 53.6abcd 53.6abc 100 0.086bc 0.00c 39.3a 39.3ab 22.4a 8.80a
Proalexin (Phosphite) 2.5 L/
ha
75 0.490ab 1.04 48.6cd 48.1c 100 0.090bc 2.56bc 38.5a 37.6ab 23.7a 8.92a
Proalexin (Phosphite)
1.25 L/ha
84 0.466ab 1.28 50.3bcd 49.6bc 98 0.100ab 7.64ab 36.0a 33.0ab 23.2a 7.65a
Ranman Top þ Proalexin
0.25 þ 2.5 L/ha
88 0.232e 0.00 54.5abcd 54.5abc 106 0.081bc 0.19c 37.8a 37.7ab 22.9a 8.68a
Ranman Top þ Proalexin
0.125 þ 3.7 L/ha
88 0.230e 0.00 58.9ab 58.9ab 100 0.083bc 0.60c 40.8a 40.6ab 23.3a 9.47a
Ranman Top þ Proalexin
0.5 þ 5.0 L/ha 2 week
interval
90 0.244e 0.00 58.6ab 58.6ab 100 0.068c 0.00c 42.0a 42.0a 23.2a 9.75a
Shirlan 0.4 L/ha 87 0.290de 4.60 56.4abc 53.9abc 100 0.085bc 0.70c 37.9a 37.6ab 23.1a 8.72a
Proalexin þ Shirlan
2.5 þ 0.2 L/ha
88 0.360cd 1.34 54.2abcd 53.5abc 105 0.073bc 0.68c 36.5a 36.2ab 23.7a 8.58a
Mean coefﬁcient of variation
(%):
12.8 6.7 7.0 14.2 115 11.5 14.9 3.9 17.3
Ovatio Seresta
Untreated Control 83 0.369a 0.00 50.9a 50.9a 89 0.385a 3.05 46.2ab 44.7b 21.8a 9.71b
Control Fungicide strategi 88 0.048de 0.00 62.5a 62.5a 104 0.273b 0.16 48.9ab 48.9ab 23.1a 11.29ab
Ranman Top 0.5 L/ha 97 0.051de 0.00 62.0a 62.0a 104 0.271b 0.00 44.4b 44.4b 23.5a 10.44ab
Ranman Top 0.25 L/ha 94 0.054de 0.00 62.7a 62.7a 104 0.282b 0.00 45.4ab 45.4ab 23.8a 10.77ab
Proalexin (Phosphite) 5 L/ha 88 0.137de 0.00 59.1a 59.1a 97 0.259b 0.00 47.7ab 47.7ab 22.5a 10.73ab
Proalexin (Phosphite) 2.5 L/
ha
87 0.217bc 0.00 57.6a 57.6a 92 0.271b 1.01 47.9ab 47.4ab 22.8a 10.81ab
Proalexin (Phosphite)
1.25 L/ha
86 0.303ab 0.00 57.1a 57.1a 91 0.300b 0.35 47.2ab 47.0ab 22.6a 10.61ab
Ranman Top þ Proalexin
0.25 þ 2.5 L/ha
95 0.036e 0.00 62.1a 62.1a 104 0.262b 0.00 47.6ab 47.6ab 22.6a 10.68ab
Ranman Top þ Proalexin
0.125 þ 3.7 L/ha
96 0.052de 0.00 62.2a 62.2a 104 0.248b 0.00 50.1ab 50.1ab 23.5a 11.72a
Ranman Top þ Proalexin
0.5 þ 5.0 L/ha 2 week
interval
94 0.056de 0.00 57.8a 57.8a 104 0.254b 0.00 53.9a 53.9a 22.3a 12.00a
Shirlan 0.4 L/ha 93 0.055de 0.00 60.2a 60.2a 97 0.248b 0.32 49.4ab 49.2ab 22.3a 10.93ab
Proalexin þ Shirlan
2.5 þ 0.2 L/ha
94 0.052de 0.00 60.9a 60.9a 99 0.263b 0.21 46.1ab 46.0ab 23.1a 10.63ab
Mean coefﬁcient of variation
(%):
34.1 8.7 8.7 9.3 7.6 7.5 4.1 6.4
1 DAP ¼ days after planting.
2 rAUDPC ¼ relative area under disease progress curve.
3 Different letters after the mean value indicate signiﬁnat difference according to Tukey's test (p < 0.05). For vertical comparisons within cultivar only.
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Xn1
i¼1
½ðYi þ Yiþ1Þ=2 ½Xiþ1  Xi
where Yi is disease severity in percent at the ith observation, Xi is
time (days) at the ith observation and n is the total number of ob-
servations. rAUDPC was calculated by dividing AUDPC by the total
area during the assessment period. The ﬁrst disease appearance,
0.01% infection, was determined by extrapolation from the disease
development curve as days after planting (DAP).
2.2.2. Yield and tuber blight
Staff at the Swedish Rural Economy and Agricultural Societies
determined the yield per plot. Sub-samples of 6 kg per plot were
investigated for the presence of tuber blight and determined as
percentage of tubers with tuber blight symptoms (w/w).2.2.3. Starch content analysis
The starch content of the tubers was calculated based on mea-
surement of the speciﬁc weight according to procedures at Inter-
national Starch Institute, Denmark. Five kilograms of tubers
randomly sampled from each plot were used for this analysis.2.2.4. Phosphite residues
The phosphite content in tubers after 5 months storage was
analyzed in 2013 and 2014 in some of the treatments. Tubers from
cvs. Sava andMerano grown in 2013were analyzed. Samples from3
replicate blocks were analyzed for each treatment, untreated con-
trol and treated with Proalexin 7.5 L ha1 12 times during the
growing season. Tubers from cv. Bintje grown 2014 were analyzed.
Samples were taken from 4 replicate blocks for each treatment,
untreated control, treated with Proalexin 5 L ha1 12 times during
the growing season and treated with Proalexin combined with
Table 3
Late blight, tuber blight and yield in potato ﬁeld trials 2013 treated with potassium phosphite, fungicide or combinations of potassium phosphite and fungicide. Two table
potato cultivars (Bintje and Sava) and two starch potato cultivars (Merano and Seresta) were used.
Treatment Table potato cultivars Starch potato cultivars
Onset of
infection
(DAP)1
rAUDPC2 Tuberrot
(percent w/
w)
Yield
(ton/
ha)
Rotfree
yield (ton/
ha)
Onset of
infection
(DAP)1
rAUDPC2 Tuberrot
(percent w/
w)
Yield
(ton/
ha)
Rotfree
yield (ton/
ha)
Starch
content
(percent)
Starch
yield (ton/
ha)
Bintje Merano
Untreated Control 51 0.501a3 2.34 46.3d 45.2d 83 0.094a3 9.57 44.2a 39.9b 23.7a 9.4b
Ranman Top 0.5 L/ha 63 0.219f 0.56 63.2a 62.8a 86 0.012bcd 0.00 47.9a 47.9a 23.1a 11.1ab
Ranman Top 0.25 L/ha 53 0.252ef 0.51 59.3ab 59.0ab 85 0.014bcd 0.00 48.1a 48.1a 23.6a 11.3a
Ranman Top 0.125 L/ha 56 0.301de 1.54 58.9ab 57.9ab 83 0.016bc 0.00 47.4a 47.4a 23.4a 11.1ab
Proalexin (Phosphite) 7.5 L/
ha
57 0.355cd 0.23 58.8ab 58.6ab 93 0.013bcd 0.78 47.9a 47.5a 22.3a 10.6ab
Proalexin (Phosphite) 5 L/
ha
56 0.373bc 1.05 56.5bc 55.9bc 85 0.014bcd 0.67 47.2a 46.9a 22.7a 10.6ab
Proalexin (Phosphite) 2.5 L/
ha
54 0.429b 0.61 51.8cd 51.5cd 84 0.020b 0.93 45.9a 45.5ab 23.3a 10.6ab
Ranman Top þ Proalexin
0.25 þ 2.5 L/ha
63 0.229f 0.13 61.2 ab 61.1 ab 86 0.010d 0.00 47.9a 47.9a 23.5a 11.2 ab
Ranman Top þ Proalexin
0.125 þ 1.25 L/ha
53 0.276ef 0.78 60.2 ab 59.7 ab 85 0.012bcd 0.33 48.8a 48.6a 22.9a 11.2 ab
Ranman Top þ Proalexin
0.125 þ 2.5 L/ha
62 0.264ef 0.00 61.4 ab 61.4 ab 86 0.011cd 0.00 49.5a 49.5a 23.0a 11.4a
Ranman Top þ Proalexin
0.125 þ 5 L/ha
64 0.251ef 0.00 61.0 ab 61.0 ab 93 0.009d 0.00 46.8a 46.8 ab 23.0a 10.8 ab
Ranman Top þ Proalexin
0.5 þ 5 L/ha 2 week
interval
59 0.251ef 0.00 61.0 ab 61.0 ab 91 0.010cd 0.00 47.4a 47.4a 23.8a 11.3a
Mean coefﬁcient of variation
(%):
8.0 4.4 4.6 15.5 5.8 6.0 3.3 6.5
Sava Seresta
Untreated Control 62 0.376a 0.88 58.8c 58.3c 74 0.312a 0.00 48.9c 48.9c 22.4a 11.0d
Ranman Top 0.5 L/ha 67 0.081h 0.00 77.3a 77.3a 84 0.074de 0.00 58.9a 58.9a 23.6a 13.9a
Ranman Top 0.25 L/ha 66 0.118fgh 0.24 72.6abc 72.4ab 82 0.075de 0.00 56.5ab 56.5 ab 23.5a 13.3 ab
Ranman Top 0.125 L/ha 65 0.178d 0.00 66.3abc 66.3abc 79 0.086de 0.00 58.2a 58.2a 23.5a 13.7a
Proalexin (Phosphite) 7.5 L/
ha
65 0.150def 0.27 67.8abc 67.6abc 79 0.102cd 0.00 52.3abc 52.3abc 22.7a 11.8bcd
Proalexin (Phosphite) 5 L/
ha
65 0.247c 0.58 68.1abc 67.8abc 80 0.140c 0.00 54.3abc 54.3abc 22.8a 12.3abcd
Proalexin (Phosphite) 2.5 L/
ha
64 0.324b 0.00 61.9bc 61.9bc 79 0.223b 0.00 50.9bc 50.9bc 22.8a 11.6cd
Ranman Top þ Proalexin
0.25 þ 2.5 L/ha
74 0.087h 0.00 75.6 ab 75.6 ab 83 0.070e 0.00 57.1ab 57.1 ab 23.1a 13.2 ab
Ranman Top þ Proalexin
0.125 þ 1.25 L/ha
72 0.169de 0.00 70.8abc 70.8abc 81 0.078de 0.00 56.1ab 56.1 ab 23.2a 13.0abc
Ranman Top þ Proalexin
0.125 þ 2.5 L/ha
72 0.145defg 0.00 71.8abc 71.8abc 84 0.076de 0.00 55.9ab 55.9 ab 23.3a 13.0 ab
Ranman Top þ Proalexin
0.125 þ 5 L/ha
77 0.099gh 0.00 73.2ab 73.2 ab 84 0.075de 0.00 57.5ab 57.5 ab 23.8a 13.7a
Ranman Top þ Proalexin
0.5 þ 5 L/ha 2 week
interval
73 0.122efgh 1.06 71.6abc 70.8abc 84 0.084de 0.00 56.3ab 56.3 ab 23.5a 13.2 ab
Mean coefﬁcient of variation
(%):
11.6 8.1 8.1 18.2 5.5 3.0 4.8
1 DAP ¼ days after planting.
2 rAUDPC ¼ relative area under disease progress curve.
3 Different letters after the mean value indicate signiﬁnat difference according to Tukey's test (p < 0.05). For vertical comparisons within cultivar only.
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season).
Sections from six randomly chosen tubers were cut out and
pooled together. This sample, about 25 g, was cut into small pieces
and carefully mixed. One gram fresh weight of this mixture was
taken for extraction and ground in liquid nitrogen. Samples were
extracted according to Borza et al. (2014) in 10 mM Tris-HCl, pH
7.6 at a ratio of 1:10. The slurry was centrifuged at 4000 g for 10min
and the supernatant was transferred to new tubes and centrifuged
again at 11 000 g for 15 min at room temperature. Macromolecules
were removed with Amicon Ultra-4 centrifugal ﬁlter devices (Merk
Millipore, Solna, Sweden), with a molecular weight cutoff of3000 Da, and centrifuged at 4000 g for 40min. The resulting ﬁltrate
was used for phosphite and phosphate analysis. AkzoNobel Pulp
and Performance Chemicals, Bohus, Sweden carried out ion chro-
matography analysis as per Borza et al. (2014).2.2.5. Statistical analysis
Treatment effects were investigated with analysis of variance
using SAS, Version 9.3. For multiple comparisons of means, Tukey's
test at 5% probability level was used.
To analyse the effects of the main experimental treatments
pooled together (fungicide, phosphite, their combination)
compared to the control, year (2011e2013) and their interaction on
Table 4
Late blight, tuber blight and yield in potato ﬁeld trials 2014 treated with potassium phosphite, fungicide or combinations of potassium phosphite and fungicide. Two table
potato cultivars (Bintje and Perlo) were used.
Treatment Onset of
infection
(DAP)1
rAUDPC2 Tuberrot,
percent
w/w
Yield
(ton/
ha)
Rotfree
yield
(ton/ha)
Onset of
infection
(DAP)1
rAUDPC2 Tuberrot,
percent
w/w
Yield
(ton/
ha)
Rotfree
yield
(ton/ha)
Bintje Perlo
Untreated Control 40 0.726a4 0.00 25.1e 25.1e N/A 0.601a4 0.00 3.9c 3.9c
Revus 250SC 0.6 L/ha (3T1,3,7,8,9); Inﬁnito 1.6 L/ha (T4,5,6);
Ranman Top 0.5 L/ha (T2,10,11,12)
47 0.240f 0.00 64.1a 64.1a N/A 0.073d 0.00 29.4a 29.4a
Revus 250SC 0.3 L/ha (T1,3,7,8,9); Inﬁnito 0.8 L/ha (T4,5,6);
Ranman Top 0.25 L/ha (T2,10,11,12)
46 0.353d 0.00 55.3bc 55.3bc N/A 0.133cd 0.00 25.8ab 25.8ab
Revus 250SC 0.15 L/ha T1,3,7,8,9; Inﬁnito 0.4 L/ha T4,5,6; Ranman
Top 0.125 L/ha T2,10,11,12
46 0.410c 0.00 50.2c 50.2c N/A 0.208c 0.00 22.4ab 22.4ab
Proalexin (Phosphite) 5 L/ha (T1-12) 44 0.577b 0.00 37.1d 37.1d N/A 0.218bc 0.00 22.6ab 22.6ab
Proalexin (Phosphite) 2.5 L/ha (T1-12) 41 0.600b 0.00 36.8d 36.8d N/A 0.306b 0.00 17.6b 17.6b
Revus 250SC 0.3 L/ha (T1,3,7,8,9); Inﬁnito 0.8 L/ha (T4,5,6);
Ranman Top 0.25 L/ha (T2,10,11,12) þ Proalexin (Phosphite)
2.5 L/ha (T1-12)
42 0.267ef 0.00 63.3a 63.3a N/A 0.073d 0.00 31.5a 31.5a
Revus 250SC 0.15 L/ha T1,3,7,8,9; Inﬁnito 0.4 L/ha T4,5,6; Ranman
Top 0.125 L/ha T2,10,11,12 þ Proalexin (Phosphite) 1.25 L/ha
(T1-12)
42 0.311ed 0.00 55.2bc 55.2bc N/A 0.109d 0.38 30.6a 30.5a
Revus 250SC 0.15 L/ha T1,3,7,8,9; Inﬁnito 0.4 L/ha T4,5,6; Ranman
Top 0.125 L/ha T2,10,11,12 þ Proalexin (Phosphite) 5 L/ha (T1-
12)
42 0.293e 0.27 58.8ab 58.7ab N/A 0.101d 0.00 28.1a 28.1a
Strategy 1, se table besides 42 0.272ef 0.00 60.6ab 60.6ab N/A 0.084d 0.00 31.5a 31.5a
Strategy 2, se table besides 46 0.309ed 0.00 56.5b 56.5b N/A 0.084d 0.00 29.5a 29.5a
Revus 250SC 0.6 L/ha (T1,3,7,9); Inﬁnito 1.6 L/ha (T5); Ranman Top
0.5 L/ha (T11) þ Proalexin (Phosphite) 5 L/ha (T1,3,5,7,9,11); 2
week interval
42 0.302e 0.00 59.4ab 59.4ab N/A 0.094d 0.00 30.5a 30.5a
Mean coefﬁcient of variation (%) 4.8 4.2 4.2 22.5 15.8 15.8
Treatments in strategy 1 and 2:
Treatment no.: 1 2 3 4 5 6 7 8 9 10 11 12
Product L/ha
Strategy 1
Revus 250 SC 0.15 0.15 0.45 0.45 0.45
Inﬁnito 0.8 0.8 0.8
Ranman Top 0.125 0.5 0.5 0.5
Proalexin 5.0 5.0 5.0 3.75 3.75 3.75 1.25 1.25 1.25
Strategy 2
Revus 250 SC 0.15 0.15 0.3 0.3 0.3
Inﬁnito 0.4 0.4 0.4
Ranman Top 0.125 0.375 0.375 0.375
Proalexin 5.0 5.0 5.0 5.0 5.0 5.0 2.5 2.5 2.5
1 DAP ¼ days after planting.
2 rAUDPC ¼ relative area under disease progress curve.
3 T ¼ Treatment number.
4 Different letters after the mean value indicate signiﬁnat difference according to Tukey's test (p < 0.05). For vertical comparisons within cultivar only.
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used a generalized linear model (logistic regression) in R (R
Development Core Team, 2015). The original model considered a
binomial distribution and a logit function, but was reﬁtted with
quasibinomial distribution in order to compensate for over-
dispersion. We excluded zero values from the analysis. Statistical
signiﬁcance (P < 0.05) was assessed by testing the change in
deviance between successive models with an F-test. All non-
signiﬁcant factors or interactions were excluded using backward
deletion of higher-order interactions.
3. Results
3.1. Field experiment 2011
3.1.1. Foliar late blight
In 2011 the trial sites were planted on May 10th. The late blight
infections started early and the ﬁrst symptoms were observed as
early as on 1st July. In the untreated susceptible cultivar Binje,
infection reached 50% on July 20th. BABA did not have a signiﬁcanteffect on the rate of late blight development, measured as rAUDPC,
in table potato cultivars or starch potato cultivars, even if the onset
of infection seemed to be a few days delayed (Table 1). However,
treatment with Proalexin at the recommended dose resulted in a
signiﬁcantly lower level of late blight infection compared to un-
treated controls. In cvs. Ovatio and Merano the mean value of
rAUDPCwas lower in the treatment with Proalexin alone compared
to the treatment with Shirlan at the recommended dose. The
treatment with the lowest level of late blight infection was the
combination of Shirlan at half dose and Proalexin at half dose.
Analyzed together, the mean value of rAUDPC was, according to
Tukey's test, signiﬁcantly lower in the combined treatment
compared to fungicide alone in both table potato and starch potato
(Table 1). We concluded that the efﬁcacy of Shirlan against late
blight was unexpectedly low and we decided to change the fungi-
cide to Ranman Top in the following year's experiments.
3.1.2. Yield
Except for the treatment with BABA, all treatments resulted in
signiﬁcantly higher yield compared to the untreated control. The
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treatment in table potato and with the Proalexin treatment in
starch potato; however, the differences were not statistically sig-
niﬁcant from the treatments with Shirlan (Table 1).
3.1.3. Tuber blight
In both table potato cultivars, Bintje and Ovatio, and in the
starch potato cultivar Seresta, tuber blight occurred at a low fre-
quency in a random, non-normally distributed pattern (Table 1).
However, in untreated starch potato cultivar Merano almost 25% of
tubers (by weight) had tuber blight symptoms. Treatment with
Shirlan did not signiﬁcantly reduce tuber blight, whilst treatment
with 5 L/ha Proalexin signiﬁcantly reduced tuber blight to 1.9%.
3.2. Field experiments 2012
3.2.1. Foliar late blight
In 2010 the trial sites were planted on May 10. The epidemio-
logical progress was somewhat later in 2012 compared to 2011. The
ﬁrst symptoms were observed on July 24th and Bintje reached 50%
infection on August 12th. This is reﬂected in a much lower rAUDPC
value for Bintje untreated this year compared to 2011 (Table 2). A
hailstorm at the end of July made scoring somewhat more difﬁcult
this year and caused some greymold infections.
Treatment with Proalexin only had a signiﬁcant effect in Bintje
at the highest dose (recommended). In Ovatio the effect of Proa-
lexin treatment was seen also at half dose and in the starch culti-
vars Seresta and Merano at all doses (Table 2). All the other
treatments differed signiﬁcantly from untreated control. There
seemed to be a dose-response effect of Ranman Top since in all four
cases a higher mean value of rAUDPC was obtained with half dose
(Fig. 1). However, the differences were not statistically signiﬁcant
using Tukey's tests. There also seemed to be a dose-response effect
of Proalexin. In Ovatio there was a signiﬁcant difference in rAUDPC
between the lowest and the highest dose of Proalexin while in the
other cultivars the differences were not signiﬁcant. Still, the highest
dose gave the lowest rAUDPC in all cultivars. The treatment with
lowest infection in Bintje was the fungicide strategy or treatment
with Ranman Top alone at the recommended dose. In Ovatio the
lowest infection was seen in the combined treatment of Ranman
Top and Proalexin at half dose, whilst in Seresta and Merano the
combined treatment at full dose but at 2 weeks interval gave the
lowest infection level. However, these differences were not statis-
tically signiﬁcant when analyzed with Tukey's tests.
3.2.2. Yield
This year none of the treatments had any statistically signiﬁcant
effect on yield in Ovatio and Merano (Table 2). In Bintje some of the
treatments were signiﬁcantly different from the untreated control
and in Seresta some treatments gave a signiﬁcantly higher starch
yield. The treatments with the highest yield were the fungicide
strategy and Ranman Top alone in the table potatoes and combi-
nations between Ranman Top and Proalexin in starch potato, but
the differences were not signiﬁcantly different from several other
treatments (Table 2).
3.2.3. Tuber blight
Tuber blight did not occur in Ovatio while Bintje had tuber
blight at a low frequency in some of the treatments (Table 2).
However, it did not occur in treatments with Ranman Top at
different doses or in treatments with 2.5 L/ha or more Proalexin.
The same pattern was found in the starch potato cultivar Seresta,
while in Merano a higher level of infection was observed. In un-
treated controls around 15% of the tuber weight had blight and all
treatments, except the lowest dose of Proalexin, signiﬁcantlyreduced the tuber blight infection. All tubers were healthy only in
treatments with a 5 L/ha dose Proalexin (7 days interval) or with
Proalexin 5 L/ha combined with 0.5 L/ha Ranman Top (14 days in-
terval). As in 2011 there was no signiﬁcant effect of Shirlan on the
rate of tuber blight.
3.3. Field experiments 2013
3.3.1. Foliar late blight
In 2013 the trial sites were planted on May 16th. This year the
ﬁrst symptoms were observed on July 8th and 50% infection in
Bintje was reached on August 3rd. In the experiments in 2013 cv.
Sava was used instead of Ovatio since no seed potato for Ovatio was
available. Sava has also a somewhat better resistance to late blight
than Bintje. The other cultivars were the same as in previous years.
All treatments had a statistically signiﬁcant effect against late blight
in all cultivars (Table 3). We found a clear dose-response effect for
both Ranman Top and Proalexin (Table 3, Fig.1). The dose effect was
most pronounced in the table potato cultivars. In the more resistant
starch potato cultivars lower doses of the fungicide also had a
similar effect against late blight as the recommended full dose and
did not signiﬁcantly differ according toTukey's tests (Table 3, Fig.1).
The best treatment in table potato cultivars was the fungicide
Ranman Top at the recommended full dose and in starch potato
cultivars the combined treatment with Ranman Top and Proalexin
at reduced dose. However, the differences between that and some
other treatment were very small and insigniﬁcant. Interestingly, in
the more resistant starch potato cultivars the combined treatment
with long interval (14 days) again performed as well as fungicide
treatments performed weekly (Table 3).
3.3.2. Yield
The average tuber yield was highest for the Ranman Top treat-
ment in Bintje, Sava and Seresta (Table 3). However, except for the
lowest dose of Proalexin the tuber yield was not signiﬁcantly
different from the other treatments. In Merano the highest average
tuber yield was in one of the combined treatments with Ranman
Top and Proalexin. However, it did not differ signiﬁcantly from
other treatments.
3.3.3. Tuber blight
In 2013 no tuber blight was found in Seresta while Bintje and
Sava had low frequencies of infected tubers (Table 3). Again un-
treated Merano had the highest level of tuber infection. Both
Ranman Top and Proalexin seemed to have an effect against tuber
blight but the data did not show a normal distribution. The only
treatments that had no infections were combinations of Proalexin
and Ranman Top.
3.4. Field experiments 2014
3.4.1. Foliar late blight
In 2014 the trial sites were planted on May 15th. Two table
potato cultivars, Bintje and Perlo, were used. However, as
mentioned in the materials and methods, Perlo was planted very
late, on June 10, due to failure of the ﬁrst planting. This year the
effect of Proalexin was studied alone and in combination with a
common fungicide strategy used in practice (Table 4). The ﬁrst late
blight symptoms were observed as early as June 25th and 50%
infection rate in untreated Bintje was reached on July 14th. All the
different treatments had a signiﬁcant effect on late blight disease
development. The fungicide strategy at the recommended full dose
was the best treatment in Bintje; however, it was not signiﬁcantly
different from two of the combined treatments with Ranman Top
and Proalexin at reduced dose. In Perlo the average value of rAUDPC
Fig. 1. Dose response curves of fungicides and potassium phosphite effects against foliage late blight in potato cultivars 2011e2013.
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treatment with 50% fungicide dose. A clear dose-response effect
was found for the fungicides (Fig. 1). In Bintje treatment with
fungicides at 25% dose performed signiﬁcantly better than Proa-
lexin at full dose, while in Perlo those two treatments were equallygood. Since earlier observations indicated that Proalexin has a
better effect on late blight on early developmental stages, we
investigated the effect of a treatment strategy wherein Proalexin
was applied in high doses early in the season and gradually
replaced with the fungicides later on. However, this treatment did
E. Liljeroth et al. / Crop Protection 86 (2016) 42e5550not perform better than applying the combination of fungicides at
equal doses throughout the growing season.
3.4.2. Tuber yield and tuber infection
The average tuber yield was highest in the full dose fungicide
treatment in Bintje and in the combined Ranman Top/Proalexin
treatment in Perlo (Table 4). Tuber blight occurred only at low
frequencies in a random pattern (Table 4).
3.5. Four year combined analysis
3.5.1. Foliar late blight and tuber blight
The best combined treatment, at least for table potatoes was
Ranman Top/Fungicide strategy 50% dose combined with Proalexin
50% dose applied once a week. We compared that treatment with
other treatments that were included in all years from 2012 and
onwards, i.e. fungicides at 100 and 50% of recommended dose,
Proalexin at the full recommended dose and the combined treat-
ment applied at 14 day intervals. We made an analysis of variance
for Bintje (susceptible) over all 4 years and compared this with an
analysis of variance where the other cultivars (Ovatio, Sava and
Perlo; partially resistant) were grouped together (Table 5). In Bintje
the treatment with fungicide at 100% showed no signiﬁcantly
different late blight severity from the combined treatment with
(50% Proalexin) and 50% fungicide dose, while the treatment with
only 50% dose fungicide showed signiﬁcantly higher late blight
severity (rAUDPC). The yield was also signiﬁcantly lower in the 50%
dose treatment compared to 100% dose of fungicide (according to
Tukey's test). Treatment with Proalexin alone caused higher late
blight infection and lower yield compared to the other treatments
but it was still signiﬁcantly better than untreated controls.
Analysing the partially resistant cultivars in the same way
revealed that Proalexin had a relatively better effect indicated by
lower rAUDPC values. Additionally, yield values were close to those
obtained with the full dose fungicide treatments (Table 5). If Perlo
(planted much too late) was excluded from the analysis the yield
after treatment with Proalexin only was not signiﬁcantly lower
than with the treatments involving fungicides. With Tukey's tests
50% dose of fungicide did not signiﬁcantly differ from 100% dose
fungicide in yield. We also tested a one-way analysis of variance
where 100% fungicide dose was compared with fungicide at 50%
dose and the combination of fungicide 50%/Proalexin 50%, which
showed that fungicide at 50% dose had signiﬁcantly higher rAUDPC
than fungicide at 100% dose (F ¼ 19.3, p ¼ 0.0017). A 50% dose of
fungicide alone also had a signiﬁcantly higher rAUDPC than the
combined treatment (F ¼ 11.14, p ¼ 0.0087), while no signiﬁcant
difference was found between fungicide at 100% dose and the
combined treatment (F ¼ 0.16, p ¼ 0.69).
In the starch potato cultivars, which in general have a higherTable 5
Overall analysis of late blight severity and yield in potato ﬁeld trials 2012e2014 treated
fungicide. The late blight susceptible cultivar Bintje was compared with partially resista
Treatment Susceptib
Bintje 20
rAUDPC
Untreated Control 0.58a1
Fungicide 100% dose 0.22e
Fungicide 50% dose 0.28c
Phosphite 100% dose 0.45b
Fungicide 50% þ Phosphite 50% dose 0.24de
Fungicide 100% þ Phosphite 100% dose. 2 week interval 0.27cd
* Perlo not included in the yield due to very late planting. see material and methods.
1 Different letters after the mean value indicate signiﬁnat difference according to Tukeylevel of resistance, it appeared that phosphite alone performed
almost as well as fungicides (Ranman Top or alternated fungicide
strategy) since the ratio between efﬁcacy of phosphite and Ranman
Top was close to 1 both years for Merano and in one of two years in
Seresta (Fig. 2a). In contrast, the ratio was much lower for the
susceptible table potato cultivar Bintje. The same patternwas found
in relation to Shirlan 2011 for Merano. This year also phosphite
alone performed as well as Shirlan in the partially resistant cultivar
Ovatio (Fig. 2b).
Over several cultivars and years a good correlation between late
blight severity (rAUDPC) and yield was found in the table potato
cultivars (Figs. 3 and 4). Separate regression analysis for each of the
treatments showed similar relationships between yield and disease
severity (Fig. 3). This relationship was not as clear in starch potato
cultivars probably due to the early harvest (Fig 4.). In Merano tuber
blight also affected the yield.
In all cultivars, except Merano, the frequency of tuber blight was
rather low and occurred in a random non-normal distributed
pattern during all years. Therewas only aweak relationship between
late blight on the foliage and tuber blight in all cultivars except
Merano (Fig. 5a). However, Merano appeared to be more susceptible
to tuber blight and therewas a clear correlation between the amount
of foliar infection and tuber blight (Fig. 5b). Signiﬁcant effects of
treatment with Ranman Top and Proalexin were also evident in
Merano (Fig. 6) in data from 2012 to 2013. Logistic regression
showed that the proportion of tuber blight was higher in the control
compared to the other treatments (F1,46 ¼ 6.61, P ¼ 0.017).
3.5.2. Phosphite content in tubers
Analysis of the phosphite content in tubers after storage
revealed that phosphite was retained in the tubers after 5 months
of storage both in 2013 and in 2014 (Table 6). The amounts of
phosphite found in tuber tissue varied between 27 and
205 mg kg1 fresh weight depending on the rate of application.
Phosphite levels in the tubers corresponded to 12e35% of the total
amount of phosphite applied to the canopy.
4. Discussion
Potato late blight is a serious disease that requires intensive and
repeated treatments with fungicides in conventional farming
(Wiik, 2014). There is a need to ﬁnd alternative methods of disease
control both for environmental reasons and from a long-term
consumer acceptance perspective. In this study, we show based
on four years of ﬁeld studies that the inorganic salt potassium
phosphite has a good effect both against foliar late blight and tuber
blight in potato under temperate conditions in Sweden. In starch
potato cultivars treatment with phosphite performed almost as
well as modern fungicides (Table 1, 2, 3; Fig. 2). In partially resistantwith potassium phosphite, fungicide or combinations of potassium phosphite and
nt table potato cultivars.
le cultivar Partially resistant cultivars
12e2014 Ovatio 2012. Sava 2013. Perlo 2014
Yield rAUDPC Yield*
38.9d 0.45a1 54.6b
62.4a 0.068c 69.7a
57.7b 0.102c 67.6a
48.8c 0.201b 63.4a
59.6ab 0.065c 68.9a
59.7ab 0.091c 64.3a
's test (p < 0.05). For vertical comparisons within cultivar only.
Fig. 2. Ratio between the efﬁcacy of potassium phosphite and the efﬁcacy of traditional fungicides in potato cultivars with different levels of resistance. Phosphite in relation to
Ranman Top or RanmanTop, Revus and Inﬁnito alternated (A) and in relation to Shirlan (B). All treatments were applied once per week during the cropping season.
Fig. 3. Relationship between rot-free yield and late blight severity (relative area under the disease progress curve) in ﬁeld trials 2011e2014 with different cultivars and treatments.
The very low yield for Perlo 2014 is due to very late planting time. See materials and methods. Separate regression analyses for each of the different treatments showed similar
relationships; Untreated: y ¼ 85.09e79.46x, Phosphite: y ¼ 77.01e67.12x, Fungicide: y ¼ 74.26e63.32x, Combination: y ¼ 71.88e62.10x.
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phosphite applied weekly was as good as commonly used fungicide
strategies. An analysis of all years shows that the mean yield was
similar with reduced dose fungicide combined with phosphite
compared to full doses of fungicides (Table 5). In the highly sus-
ceptible cultivar Bintje, however, late blight became severe even in
treatments with full doses of fungicides and treatment with
phosphite tended to be less effective.
Our data also indicate that in starch potato cultivars with a
relatively high level of potato late blight resistance, the fungicide
dose could be reduced without signiﬁcantly increasing disease
severity or reducing yield. Another interesting observationwas that
in the starch potato cultivars, treatment with a combination ofphosphite and Ranman Top (both at the full recommended dose)
applied at 14 days interval performed as well as treatments with
the fungicide Ranman Top at 7 days interval for both late blight
severity and yield. If this strategy could be applied in practical
potato cultivation it would save a considerable amount of time and
money for the farmer. Additionally, it would reduce the negative
impact of unusually high fungicide use in potato cultivation as only
half the amount of fungicides would be needed during the cropping
season. However, farmers often ﬁnd it risky with such long in-
tervals, since sudden outbreaks of late blight may occur under
favourable conditions for P. infestans. A long interval strategy may
be used when decision support systems (DDS) predict low or me-
dium risk of late blight, while under conditions where DDS predict
Fig. 4. Relationship between blight-free yield and severity of foliage late blight (relative area under the disease progress curve) in table potato cultivars (A) and starch potato
cultivars (B) 2011e2013.
E. Liljeroth et al. / Crop Protection 86 (2016) 42e5552very high risk of infection the farmer could apply more frequent
sprays.
It was also striking that phosphite had a good effect against
tuber blight. The efﬁcacy was in the same range as the fungicide
RanmanTop andmuch better than Shirlan in cultivar Merano. Good
effects of phosphite against tuber blight have been reported in
several other studies (Johnson et al., 2004; Lobato et al., 2011,
2008). However, in all the other cultivars tuber blight occurred inan unpredictable way and there was a poor relationship between
foliar late blight and tuber blight. Therefore we concluded that ef-
fects of the treatments were unclear.
Potassium phosphite is frequently used against late blight in
potato in tropical agriculture and Kromann et al. (2012) reported
that on average, potassium phosphite provided efﬁcacy comparable
to that of the conventional fungicides mancozeb and chlorothalonil
at recommended doses. Our data suggests that potassium
Fig. 5. Percent tuber blight (w/w) after 4e5 months of storage in relation to severity of foliar late blight infection (relative area under the disease progress curve) 2012e2013.
Cultivars Bintje, Ovatio, Sava, and Seresta (A) and cultivar Merano (B).
Fig. 6. Effect of foliar treatments against late blight on tuber blight in the tuber blight suseptible cultivar Merano. Effect of Shirlan, phosphite and combination 2011 (A) and
RanmanTop, phosphite and combination 2012e2013 (B). Variation bars indicate standard deviation.
Table 6
Phosphite and phosphate content in tubers harvested from potato ﬁeld trials treated with potassium phosphite and stored for ﬁve months.
Year Cultivar Treatment Applied PO3 Tuber yield PO4 in tubers PO3 in tubers Percent of total applied PO3
kg/ha Ton/ha mg/kg FW mg/kg FW Found as residue in tubers
2013 Sava Control 0 58.8 510 -*
Proalexin 12 times 7,5 L/ha 10.8 67.8 502 123 30
Merano Control 0 44.2 527 e
Proalexin 12 times 7,5 L/ha 10.8 47.9 485 205 35
2014 Bintje Control 0 25.1 553 e
Proalexin 12 times 5 L/ha 7.2 37.1 429 57 12
Proalexin 12 times 2,5 L/ha combined with Ranman Top 0,25 L/ha 3.6 63.3 388 27 18
* - ¼ Below detection limit <0,01 mg/kg.
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efﬁcacy of phosphite against late blight in temperate regions. Cooke
and Little (2002) reported good effect of phosphite against late
blight but no comparisons were made with traditional fungicides
and it is therefore not possible to conclude if the efﬁcacy of phos-
phite was as good. Mayton et al. (2008) reported that phosphite
controlled late blight as well as chlorothalonil and tuber blight even
better. Wang-Pruski et al. (2010) reported that phosphite provided
protection against late blight under ﬁeld conditions but the effect
was not as good as with chlorothalonil. However, the best effect
was obtained with a combination of phosphite and chlorothalonil.
From our study, we can conclude that phosphite treatment in
combination with reduced fungicide application regimes is effec-
tive for the protection of potato against late blight. However, in this
context, the importance of cultivar resistance should be
emphasized.
A meta-analysis of detached leaf assays and ﬁeld trials in several
tropical countries reported that the efﬁcacy of potassium phosphite
did not correlate to the level of resistance in the cultivars used
(Kromann et al., 2012). However, we found that in the more resis-
tant starch potato cultivars the effect of treatment with phosphite
was better than in susceptible cultivars (Fig. 2). In Merano the effect
of phosphite was as good as the effect of modern fungicide treat-
ment, while in the susceptible cultivar Bintje the efﬁcacy of phos-
phite was only around 40% of the efﬁcacy of the fungicides.
However, the efﬁcacy of phosphite relative to fungicides was
somewhat higher in the partially resistant food potato cultivars.
The cultivars Ovatio and Perlo seemed to respond better to the
phosphite treatment than the other partially resistant cultivar Sava.
Lobato et al. (2008) reported that the phosphite effect might be
cultivar dependent. Also Wang-Pruski et al. (2010) reported that
the response to phosphite treatment differed between two potato
cultivars. Whether cultivar differences are only related to the de-
gree of partial resistance or depend on other cultivar characteristics
needs to be conﬁrmed in further studies.
We found a clear dose-response effect of both fungicides and
phosphite (Fig. 1). However, in contrast to dose-response curves for
fungicides there seemed to be a more linear relationship between
dose and effect with potassium phosphite.
Part of the mode of action of phosphite is believed to be induced
resistance, involving activation of defence responses that may have
a metabolic cost and affect yield. However, our data did not reveal
any apparent cost in terms of yield due to the phosphite treatment
(Fig. 3). Treatment with phosphite alone gave, on average, a lower
yield but that seemed to be due to a higher level of late blight
compared to fungicide treatments. The results for the combined
treatment were all close to the results for full dose fungicide
treatment (Fig. 3). Over several cultivars and years a good corre-
lation between rAUDPC and yield was found in table potato culti-
vars (Figs. 3 and 4).
Potassium phosphite is taken up by plants, has a high degree of
phloem mobility and is translocated to different parts of the plant
(Cohen and Coffey, 1986), including the tubers. We found that
phosphite residues are present in tuber tissue from plants treated
with phosphite during the cropping season, even after several
months of storage. Thus, the plants do not transform phosphite into
phosphate and therefore cannot directly use it as a P-source in
metabolic processes. The concentrations in tubers ranged from 27
to 205 mg PO3/kg tuber depending on the rate of application and
perhaps also the cultivar. This may be a concern even if potassium
phosphite is considered harmless in some countries (USA, Canada)
where it is registered for treatment against late blight. Phosphite
can be expected to have a very low environmental impact because
of its very low toxicity (LD50 > 5 g kg1, EFSA, 2012). In Sweden
potassium phosphite is presently registered as a fertilizer and mayonly be used as such. As far as we know there is no maximum
residue level (MRL) for phosphite in USA or Canada. In Europe
phosphite is used in grapes and in some vegetable production and
there is a proposed MRL of 90 mg/kg in grapes (EFSA, 2012).
However, no speciﬁc MRLs are established for potassium phosphite
in other crops, but the EU consider that MRLs set for fosetyl-Al are
applicable and that MRL review of potassium phosphite should be
completed before existing fosetyl MRLs are amended. CurrentMRLs
for fosetyl-Al in potato and tomato are 30 and 100 mg/kg, respec-
tively (EFSA, 2014). In our experiments values below that were
found with treatment of phosphite as Proalexin at a rate of 2.5 L/ha
12 times per cropping season (in Bintje) while higher values were
found at a rate of 7.5 L/ha 12 times in Sava and Merano. Further
analysis is needed to conﬁrm the residue levels, and to determine
the amounts that can be applied to the canopy without exceeding
the MRL in harvested tubers. It is also important to investigate the
fate of phosphite in soil and determine the kinetics of its oxidation
to phosphate by soil bacteria (Thao and Yamakawa, 2011). Because
of the residue levels it might be best to ﬁrst use potassium phos-
phate in starch potato and seed potato production. We expect that
phosphite due to its high solubility inwater will be washed away in
the starch processing and that the starch product will be free of
phosphite residues. However, that needs to be carefully analyzed.
According to other recent studies phosphite may have other
beneﬁcial effects on potato. Tambascio et al. (2014) reported that
application of potassium phosphite to seed tubers reduced the time
between planting and emergence and stimulated early growth
under ﬁeld conditions. They also found that mycorrhizal coloniza-
tion increased after phosphite application of seed tubers. Increased
tolerance to UV-B light as a response to phosphite application was
reported by Oyarburo et al. (2015). Furthermore, pink rot of potato
tubers, caused by Phytophthora erythroseptica, was reported to be
controlled by potassium phosphite (Miller et al., 2006; Taylor et al.,
2011). This evidence in conjunction with results obtained in this
study point towards the possibility of achieving broad beneﬁts by
incorporation of phosphite treatments into potato production
systems.
In conclusion, we think that our results from four years of ﬁeld
trials indicate that potassium phosphite could play a role in late
blight and tuber blight control strategies provided that the residue
levels are considered as acceptable or harmless. Using phosphite
would add othermodes of action, including induced resistance, into
late blight control strategies and signiﬁcantly reduce the amount of
fungicides necessary for effective control. This could also reduce the
selection pressure for development of fungicide resistance in the
pathogen population. Doses, intervals and combinations could be
adjusted to the level of cultivar resistance. If longer treatment in-
tervals could be used e.g.in relatively resistant starch potato culti-
vars there would be a signiﬁcant economic gain for growers and at
the same time a reduced environmental impact.
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